Abstract As part of the Regional Climate Model Intercomparison Project for Asia, future precipitation projection in China is constructed using five regional climate models (RCMs) driven by the same global climate model (GCM) of European Centre/Hamburg version 5. The simulations cover both the control climate and future projection under the Intergovernmental Panel on Climate Change emission scenario A1B. For the control climate, the RCMs have an advantage over the driving GCM in reproducing the summer mean precipitation distribution and the annual cycle. The biases in simulating summer precipitation mainly are caused by the deficiencies in reproducing the low-level circulation, such as the western Pacific subtropical high. In addition, large inter-RCM differences exist in the summer precipitation simulations. For the future climate, consistent and inconsistent changes in precipitation between the driving GCM and the nested RCMs are observed. Similar changes in summer precipitation are projected by RCMs over western China, but model behaviors are quite different over eastern China, which is dominated by the Asian monsoon system. The inter-RCM difference of rainfall changes is more pronounced in spring over eastern China. North China and the southern part of South China are very likely to experience less summer rainfall in multi-RCM mean (MRM) projection, while limited credibility in increased summer rainfall MRM projection over the lower reaches of the Yangtze River Basin. The inter-RCM variability is the main contributor to the total uncertainty for the lower reaches of the Yangtze River Basin and South China during 2041-2060, while lowest for Northeast China, being less than 40%.
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Introduction
Reliable information on regional climate change is required not only to assess its potential impacts on the socioeconomy but also to establish policy on adaptation and mitigation. Uncertainties in the projected regional climate change arise from various sources, including the driving global climate models (GCMs), downscaling methods, emission scenarios, and natural climate internal variability [Déqué et al., 2007; Deser et al., 2012] . Systematic studies have been carried out to quantify and reduce the uncertainties in the regional climate projection, therefore increasing the reliability of the climate change simulation [Déqué et al., 2007; Dessai et al., 2005; Marengo et al., 2010; Tebaldi et al., 2004] .
To generate reliable regional climate change scenarios, great efforts and significant progress have been made in downscaling GCM information to regional scale, through either empirical downscaling, which is based on the statistical relationships between large-scale predictors and regional predictands [Solman and Nuñez, 1999; Wilby and Wigley, 2000] , or dynamical downscaling, which uses regional climate models (RCMs) to provide fine-scale climate information [Caldwell et al., 2009; Gao et al., 2012c; Giorgi et al., 2001; Leung et al., 2004] . Previous studies have proved that with their high-resolution and better representation of physical processes, RCMs have an advantage over the GCM in simulating the regional climate [Gallée et al., 2004; Liang et al., 2008; Zou and Zhou, 2013] . Similar to GCMs, various national and international coordinated projects have been established to understand the regional-scale processes, quantify the regional climate change, and provide more reliable climate change information. Such projects include the Prediction of Regional Scenarios and Uncertainties for Defining European Climate Change Risks and Effects and ENSEMBLE (ensembles-based predictions of climate changes and their impacts) [Hewitt, 2005] for Europe, the North American Regional Climate Change Assessment Program for North America [Mearns et al., 2009] , and Regional Climate Model Intercomparison Project (RMIP) for East Asia [Fu et al., 2005] .
As one of the earliest regional collaborations to evaluate the ability of RCMs to simulate regional climate processes, RMIP aims to improve our understanding of the regional climate system and to provide reliable regional climate change scenarios [Fu et al., 2005] . The first two phases of RMIP focused on short-term simulation (seasonal cycles and climate extremes) and Asian climatology [Feng and Fu, 2006; Xiong et al., 2003] . Launched in 2009, the last phase of RMIP (referred to as RMIP III in the paper) is designed to use 10 RCMs and a stretched-grid GCM to downscale European Centre/Hamburg version 5 (ECHAM5) [Roeckner et al., 2003] . The objectives of RMIP III include the following: (1) to build Asian regional climate change projection under the Intergovernmental Panel on Climate Change (IPCC) A1B emission scenario and (2) to understand the associated uncertainty in Asian climate change simulation.
Currently, RCMs are widely used in regional climate projections and adaptation studies in China [Chen et al., 2011; Gao et al., 2011 Gao et al., , 2012a Gao et al., , 2012b Tang et al., 2009] . Results show that the projected warming in China and precipitation changes in the cold season by RCMs are consistent with the driving GCM [Gao et al., 2011; Lee et al., 2014] , while large differences are found in summer precipitation change between the nested RCMs and the driving GCM [Gao et al., 2012a [Gao et al., , 2012b Liu et al., 2012] . Similar signals in western China but different in eastern China are shown by Gao et al. [2012b] , when using one RCM driven by multi-GCMs to project the precipitation changes in China, indicating significant contribution of driving GCMs to the uncertainty in precipitation change. Emission scenarios show little impact on seasonal precipitation changes by regional climate model version 3 (RegCM3) except for autumn, but they can greatly affect the precipitation projection in the GCM [Liu et al., 2012] . ENSEMBLE analysis shows that the main contributor to the summer precipitation spread is the choice of the RCM over Europe [Déqué et al., 2012] . However, little attention has been paid to address the uncertainty arising from the inter-RCM variability in Asian climate projection. Since RMIP III is based on a multi-RCM simulation framework, which is designed to downscale one GCM under one emission scenario over monsoon Asia regions, the project's results are used to investigate the effect of inter-RCM variability on regional precipitation changes over monsoon China.
The paper is organized as follows. Section 2 introduces the information of the driving GCM and the nested RCMs, experimental design, the evaluation data, and the methods. In section 3 the abilities of the models to simulate the present-day precipitation are validated against surface observations; the precipitation changes under A1B emission scenario over China are also presented. The uncertainties in regional precipitation projection over China resulting from inter-RCMs are also discussed. In section 4, the main findings of this study are provided.
Experimental Design, Data Sets, and Methods

Experimental Design
In RMIP III, 10 RCMs and one stretched-grid version of the Conformal-Cubic Atmospheric Model (referred to as CCAM) Dix, 2001, 2008; McGregor et al., 1998 ] are nested within ECHAM5 to project Asian regional climate model for 2038-2070. All RCMs and stretched-grid CCAM are forced by ECHAM5, which has a horizontal resolution of approximately 1.875°× 1.875°with 31 vertical model levels. Note that CCAM is not forced by the atmospheric fields of ECHAM5 but by the sea ice and bias-corrected sea surface temperatures. The Coordinated Regional Climate Downscaling Experiment East Asian domain (Figure 1 ) and the uniform horizontal resolution of 50 km are adopted by all participating RCMs to generate the Asian climate change scenario. Under the RMIP III framework, two time periods are used to evaluate the climate models' ability to simulation current climate and to build the regional climate scenario under the IPCC A1B emission scenario: 1978-2000 for control climate and 2038-2070 for future climate. A 2 year spin-up time is applied in both the control climate simulation and the future climate projection. In this work, simulation results from two time slices representing the present day (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) and the future (2041-2060) are analyzed. In addition, the 60 km grid spacing version of CCAM is interpolated and contributes to the RMIP III data sets.
After preliminary analysis and intermodel comparison, the precipitation from five RCMs, namely, SNU_RCM [Lee and Kang, 1999] , GRIMs [Hong et al., 2013] , RegCM3_CMA [Pal et al., 2007] , RegCM3_NJU [Pal et al., 2007] , and WRF_RRTM_SN [Skamarock et al., 2008] , are chosen to build future precipitation change scenario over China. Model information can be found in Table 1 . Considering the essential role of monsoon precipitation in regional and national social and economic development, four subdomains are selected over major monsoon regions of China, that is, Northeast China (42-53°N, 114-134°E), North China (34-42°N, 107-123°E), lower reaches of the Yangtze River Basin (26-34°N, 107-123°E), and South China (18-26°N, 107-123°E), to examine the multimodels' capability to produce monsoon precipitation climatology and to project future changes.
Data Sets
Before the results of the driving GCM and the five RCMs are put to generate summer precipitation changes over China, the simulations of summer precipitation are validated against the Asian Precipitation-HighlyResolved Observational Data Integration Towards Evaluation of the Water Resources project (APHRODITE) gridded daily precipitation, which is generated from daily rain gauge data with 0.25°× 0.25°resolution [Yatagai et al., 2009] . The variables including the wind and specific humidity from the JRA 25 reanalysis data set with 1.25°× 1.25°resolution are used to assess the models' ability to simulate the low-level circulation [Onogi et al., 2005] . For the convenience of comparison, all model results are interpolated to a 0.5°× 0.5°l atitude-longitude grid over the simulation domain. 
Methods
Uncertainty in the climate projections in this study mainly arises from the inter-RCM variability and internal variability, since the multi-RCMs are driven by the same GCM under the same scenario. The method used to separate the two sources of uncertainty in this study is according to Sutton [2009, 2011] .
The simulation for each model is considered as the sum of the smooth fit in time, the reference data and the residual, and the raw predictions X m,t for each model m and year t which can be written as
where x m,t represents the smooth fit, c m means the reference data, and ξ m,t is the residual. Here the ordinary least squares method, with a fourth-order polynomial, is used during the years 2041-2060, and the reference data are calculated from the mean of the years 1981-2000.
The internal variability for each model (equation (2)) is then calculated from the variance of the residuals from the fits,
and the intermodel variability (equation (3)) is defined as the variance of the different RCM projection fits (x m,t ), where var t (.) and var m (.) refer to the variance across time and model, respectively, and N m is the number of models. 
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It was assumed that there is no interaction between the two uncertainty sources. Thus, the total variability V T is then
3. Multi-RCM Simulation and Projection of Summer Precipitation 3.1. Summer Precipitation Simulation for the Control Climate Figure 2 shows APHRODITE precipitation, ECHAM5, and five RCM-simulated summer (June-July-August) precipitation from 1981 to 2000. Both ECHAM5 and the RCMs could reproduce the spatial pattern of the observed summer precipitation, as well as the decreasing northwestward gradient over China. The intensity of the observed precipitation center over South China is well captured by the RCMs and ECHAM5, but two RegCM3 models and the forcing GCM miss the precipitation center over the lower reaches of the Yangtze River Basin. Comparably, RCMs can produce more realistic rainfall patterns, while ECHAM5 generates a false precipitation center in the west of the Sichuan Basin along the eastern edge of the Tibetan Plateau, a typical error when using GCMs to simulate East Asia summer monsoon precipitation [Chen and Frauenfeld, 2014; Chen et al., 2010] . The RCMs also successfully simulate the large orographic rainfall in the Qilian Mountainous area located at (100°E, 40°N) and the extreme dry center nearby the Qaidam Basin located at (95°E, 40°N). The precipitation for the arid/semiarid part of northwest China is overestimated by the two RegCM3 models but underestimated by others. In general, the nested RCMs outperform the driving GCM in reproducing the observed spatial pattern of the observed summer precipitation.
The performance of the models in reproducing the summer precipitation is summarized in Figure 3 . The RCMs show a clear advantage over the driving GCM in depicting the spatial distribution of summer precipitation, with higher correlations and lower root-mean-square error (RMSE) with the observations. The observed spatial variability of summer rainfall is overestimated by all models except two RegCM3 models. Driven by the same GCM, there is considerable spread among the nested RCMs in depicting the spatial distribution of the summer rainfall, demonstrating the important role of the RCM formulation and the parameterization schemes for simulating summer precipitation. In order to investigate the possible mechanism responsible for precipitation biases in the models, the ability of the model to simulate the water vapor transport at 850 hPa is shown in Figure 4 . The climate models demonstrate certain credibility in reproducing the large-scale monsoon circulation and moisture transport over East Asia. Compared to the JRA25 data, northward shift of the western Pacific subtropical high (WPSH) is simulated by ECHAM5, showing a typically cyclonic wind biases over the middle and lower latitude in the western Pacific and anticyclonic wind biases over the middle and higher latitude. The biases in the simulation of the WPSH, which is evident in Coupled Model Intercomparison Project Phases 3 (CMIP3) and 5 (CMIP5) models [Feng et al., 2014; He and Zhou, 2014; Sperber et al., 2012; Song and Zhou, 2014] , limit the skill of numerical models in simulating summer precipitation. Such the northward shift of the WPSH in ECHAM5, associated with a northeastward bias in 850 hPa wind over South China, results in less [Taylor, 2001] to compare the skill of the models in representing the summer precipitation over China, using the APHRODITE precipitation data as the OBS. The azimuthal position represents the pattern spatial correlation. The radial distance from the origin represents the spatial variability, while the distance from the OBS point is the centered RMSE difference between the simulated and observed. The square stands for the driving GCM and the dots for the nested RCMs.
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moisture transport over the main monsoon region of eastern China and a negative precipitation bias over this region.
With the nested RCMs showing the similar biases in low-level circulation, the simulation of summer precipitation is, however, improved (Figure 3 ) by correcting the northeastward bias of 850 hPa wind and reducing the magnitude of negative water vapor transport over the monsoon China region in some of the nested RCMs (figure not shown). Similar conclusion is also drawn by Sato and Xue [2013] , who pointed out that the meridional moisture transport in the low-level circulation over East Asia is improved after dynamical downscaling. Moreover, stronger convergence at 850 hPa over South China is produced by SNU_RCM when comparing to the JRA25 data, which may result in more regional precipitation. The differences in low-level circulation between ECHAM5 and the nested RCMs may be related to the diverse configuration of the Tibetan Plateau, which exerts a profound influence on the Asian climate primarily through its thermodynamic and dynamic processes [Duan and Wu, 2005; Wang et al., 2008] . In addition, the simulated regional rainfall is sensitive to model's representation of orography, as well as its interaction with the circulation [Kitoh, 2004; Sperber et al., 2012] . The importance of the parameterization schemes in simulating East Asia climate has been extensively investigated in previous studies [Fu et al., 2005; Gao et al., 2011; Kang and Hong, 2008; Sato and Xue, 2013] . In our study, the option of cumulus convection schemes can directly affect the simulation of precipitation. Two RegCM3 models with different convective schemes generate diverse water vapor transports over North China. RegCM3_CMA coupled with Grell-Devenyi scheme produces strengthened southerly water vapor transport and correspondingly more precipitation biases, while RegCM3_NJU coupled with Fritsch-Chappell scheme generates anomalous northerly water vapor transport with dry biases over North China (Figures 4e and 4f ).
Seasonal Cycle of Precipitation for Control Climate
In order to evaluate the climate models' performance in simulating the evolution of the East Asian summer monsoon, we examine the 20 year averaged annual cycles of simulated precipitation which are represented by the time series of pentad precipitation averaged over the four subregions (Figures 5a-5d ).
As shown in the observed annual cycles of precipitation over the four subregions of monsoon China, the East Asian summer monsoon first starts at the middle of May over South China, then moves northward as Baiu at the middle of June over the Yangtze River, and finally migrates over North and Northeast China at the end of July. The annual cycles over the four monsoon subregions are reasonably captured by both ECHAM5 and the RCMs. All models reproduce the rainfall reasonably after mature phase of the monsoon over North and Northeast China but overestimate precipitation before that. With the exception of GRIMs which follow the observed annual cycle of precipitation with accuracy, the other RCMs follow the variation of ECHAM5 and show relatively little intermodel difference over Northeast and North China. The observed precipitation over the lower reaches of the Yangtze River Basin increases rapidly during June as the region is influenced by the migration of the primary monsoon tough, and it decreases rapidly with the monsoon system retreating during middle July. ECHAM5 has the wet biases from January to May and the dry bias from early June to late October. Such biases lead to the earlier onset and retreat in ECHAM5's monsoon over the lower reaches of the Yangtze River Basin. The bias in timing and magnitude of monsoon system in the driving GCM over lower reaches of the Yangtze River Basin can pass to the RCMs through the boundary conditions, but the better representations of mesoscale process in RCMs improve the simulation of the annual cycle of pentad precipitation, as most of the nested RCMs reduce the magnitudes of the wet bias before the summer monsoon onset and dry bias afterward. Over South China, the GCM shows the earlier beginning of the monsoon season and less magnitude of monsoon rainfall compared to the observations. Similar to the lower reaches of the Yangtze River Basin, the RCMs produce more reliable annual cycle of the pentad precipitation and evolution of the summer monsoon. The rainfall intensity by the RCMs is either overestimated by SNU_RCM and WRF_RRTM_SN or underestimated by the two RegCM3 models.
The general inability of GCMs to reproduce the lower reaches of the Yangtze River Basin precipitation annual cycle is described by Tu et al. [2009] and Wang et al. [2011] , which is based on the analyses of CMIP3 and the Atmospheric Model Intercomparison Project 2, respectively. The seasonal progression of the rain belt over the lower reaches of the Yangtze River Basin is closely related to the shift of the WPSH. Therefore, both the Figure 6 . In this study the WPSH ridge is defined as u = 0 and ∂u ∂y > 0 [Li and Chou, 1998 ]. Compared to the observations, all of the models can reasonably reproduce the northward jump of the WPSH during May to July. However, the simulated position of the WPSH ridge by most models display a northward shift by 3-5°N, which is in consistent with the earlier starts of the summer monsoon over the lower reaches of the Yangtze River Basin in the simulations. The inadequate simulation of WPSH ridge position may partially explain the models' wet biases before the monsoon season. SNU_RCM has higher skill in simulating the WPSH ridge position and the poleward jump, and accompanied progression of the rain belt, especially over the lower reaches of the Yangtze River Basin. All of the models fail to reproduce the northward shift in August, which may cause the deficient rainfall over North China during that time.
In general, the biases in both spatial pattern and seasonal cycle of precipitation are related to the errors of the simulated atmospheric circulations in the driving GCM. The nested RCMs can inherit such biases through the boundary conditions but show improvement over the driving GCM in simulating the regional climate with their high resolution and better representation of physical processes.
3.3. Multi-RCM Projection of Future Summer Precipitation Change 3.3.1. Change in Climatology The projected changes of summer monsoon precipitation during 2041-2060 under IPCC emission scenario of A1B by the climate models are illustrated in Figure 7 . Both agreement and disagreement can be found in summer precipitation projections between the driving ECHAM5 and the downscaling RCMs. Following the driving ECHAM5, the RCMs downscale negative summer precipitation changes in eastern Inner Mongolia and Southwest China. However, the RCMs project increasing summer precipitation over Northwest China in the future, whereas the GCM has reduced summer rainfall (Figure 7) . Compared to the consistent summer Figure 6 . Seasonal evolution of 500 hPa WPSH ridge averaged for May (black solid line), June (red dashed line), July (green dotted line), and August (blue long and short dashed line).
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precipitation changes over western China by the multi-RCM ensemble, there is great disparity among the nested RCMs' projections over eastern China, indicating that large uncertainties exist in that region.
Analyzing the projected changes in summer rainfall by different models over the typical monsoon region of eastern China (Table 2) , it is shown that pronounced increase of summer monsoon rainfall over South China and the lower reaches of the Yangtze River Basin is projected by ECHAM5 with increases of 0.72 and 0.84 mm/d, respectively. North China experiences rainfall decrease up to À0.20 mm/d in ECHAM5's projection, while Northeast China shows a rainfall change of À0.03 mm/d. Driven by ECHAM5, the projected changes of summer precipitation by the different RCMs are not consistent with that of ECHAM5 over the main monsoon region of eastern China. Except for SNU_RCM and RegCM3_CMA, the rest of the RCMs have reduced monsoon rainfall during summer over South China by about À0.07 to À0.54 mm/d. Over the lower reaches of the Yangtze River Basin two RegCM3 models project decreased monsoon rainfall, whereas the other three models project wetting conditions with different magnitudes. The largest increase of summer rainfall of 0.72 mm/d is produced by SNU_RCM. Compared to ECHAM5, all of the nested RCMs generate the opposite sign of rainfall change for Northeast China. For North China most RCMs except WRF_RRTM_SN agree that the regional precipitation will decrease during summer. Since the simulated total precipitation is commonly modeled as the composition of convective and stratiform precipitation, it is helpful to understand the precipitation-type changes [Dai, 2006] by analyzing the two component changes. Results show that the pattern of the projected convective precipitation changes is more similar to that of the total rainfall in most of the nested RCMs (figure not shown), indicating that the convective precipitation changes in the RCMs may be the main causes of the total precipitation change and the discrepancy among the RCMs' rainfall projections. The similar patterns between the convective and total precipitation also imply that the convective precipitation is more sensitive to temperature increases than the stratiform precipitation, which has been observed by Berg et al. [2013a] .
In ECHAM5 projection, the projected water vapor transport at 850 hPa is boosted by the intensified southwesterly flow that occurs over the southern parts of eastern China and northwesterly flow over the northern parts under the A1B scenario (Figure 7) . Therefore, increased summer precipitation is projected over the southern part of eastern China and decreased precipitation over the northern part. The changes in water vapor transport are projected differently among the nested RCMs, which may contribute to the various rainfall changes over eastern China in the RCMs. Comparing with the stronger southwesterly flow in other nested RCMs, two RegCM3 models project weaker summer monsoon in the future, accompanied by the decreased summer rainfall over southern part of eastern China. The modulation of the large-scale circulation by mesoscale processes, such as treatment of strong topographic forcing, inhomogenous land surface, and cumulus convection, in RCMs can trigger very different regional rainfall projection [Wang et al., 2004] . RCMs with the same dynamical structure but different internal model physics do not necessarily generate the similar monsoon rainfall changes (Figures 7d and 7e ). For example, similar distributions of stratiform precipitation change are presented by the two RegCM3s, with a decreasing trend over most of eastern China. However, the convective precipitation changes differ between the two RegCM3s, suggesting their sensitivity to the convective scheme (figure not shown here). Convective precipitation changes from RegCM3_NJU resemble that of the total rainfall, with a decreasing trend over most of eastern China. Meanwhile, slightly increased convective precipitation is projected by RegCM3_CMA over most of eastern China except the lower reaches of the Yangtze River.
The effects of intermodel variability cannot be ignored in the multimodel projection system, which lead to the inconsistency in RCMs projection of summer precipitation. The CMIP3 multimodel ensemble reveals an increased summer precipitation over most of China during the 21st century under SRES A1B [Chen and Sun, 2009; Kusunoki and Arakawa, 2012; Sun and Ding, 2010] and shows both agreement and disagreement with the projections of multi-RCM mean (MRM) in our study (Figure 9a ), for example, the wetter conditions over Northeast China and lower reaches of the Yangtze River Basin in both CMIP3 and MRM. However, the decreasing trend is evident in MRM over North China and South China, which is different with the changes in CMIP3 models.
Under Representative Concentration Pathways 6, which has the radiative forcing mostly closest to that of the SRES A1B [Meehl et al., 2012; , the latest projection from CMIP5 models shows a consistent strengthened summer precipitation occurring primarily in southern China and northern China, while deficient rainfall occurring over the lower reaches of the Yangtze River Basin Xin et al., 2013] .
The disagreement of summer precipitation projections between different ensemble studies means that large uncertainty exists in projecting the summer monsoon precipitation changes over eastern China. Such uncertainty arises from the discrepancy in producing the large-scale monsoon circulation by GCMs, as well as the climate models' different representations of mesoscale processes, which might not be solved by larger ensemble used in East Asian monsoon climate projection. The sensitive studies and analyses that aim at further understanding and better describing the mechanism and processes of the East Asian summer monsoon should be carried out, and consequently, more reliable monsoon climate projection can be obtained.
Change in Annual Cycle
The responses of precipitation to global warming are characteristic of regionality and seasonality. As shown in Figure 8 , winter monsoon precipitation increases in ECHAM5's future projection over Northeast and North China, and summer monsoon precipitation slightly decreases in the future. From June to October, increasing monthly precipitation is projected by ECHAM5 over the lower reaches of the Yangtze River Basin. For South China, ECHAM5 projects increasing precipitation throughout the year except for November.
The changes in the seasonal cycle of precipitation by RCMs are influenced by the driving GCM (Figure 8 ). For instance, all nested RCMs and the driving GCM agree in showing a dry trend in June and July and a wet trend in January and February over North China. However, the internal physical and dynamical processes in the RCMs do play an important role in projecting the monthly precipitation changes, as all five RCMs even project opposite signs of rainfall changes to that of the GCM over South China and the lower reaches of the Yangtze
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River Basin for June and July. Interestingly, generally good consensus can be reached between the MRM and driving GCM of ECHAM5 when projecting monthly precipitation. The MRM has the same sign of change as that of ECHAM5 over the four subregions at least for 8 months of the year.
Though downscaled from the same GCM, five RCMs show disagreement in both magnitude and signs for the monthly precipitation changes for most of the year (Figure 8) . Basically, the inter-RCM difference of rainfall changes is more pronounced in spring over the four subregions and the discrepancies in projected rainfall changes are more common over the lower reaches of the Yangtze River Basin compared to other regions. The range in precipitation projections among the downscaling RCMs varies with the region and season. For Northeast China the largest range of rainfall projections occurs in May ranging from À0.62 to 0.55 mm/d and for North China in September from À0.06 to 0.76 mm/d. The projected precipitation ranges most drastically in August over the lower reaches of the Yangtze River Basin (from À0.37 to 1.32 mm/d) and in September over South China (from À0.31 to 2.07 mm/d) (Figure 8 ).
When generating the regional precipitation change scenario, better reliability in the multi-RCM projection system can be expected when (1) most of RCMs have consistent signs in monthly precipitation changes and (2) the MRM change is larger than the inter-RCM variability [Li and Zhou, 2010] . Such a case can be found in July precipitation over Northeast and North China and for November precipitation over the Yangtze River Basin and South China. However, the reliable precipitation changes in the multi-RCMs projection may not necessarily agree with that of the driving GCM. For instance, over the lower reaches of the Yangtze River Basin the multi-RCMs reliably project precipitation decrease in July, whereas ECHAM5 projects opposite change. Such a phenomenon demonstrates the essential role that the internal model physics and processes play in the regional climate change projection.
Inter-RCM Variability and Reliability of Multi-RCM Projection of Summer Precipitation
Regional climate projection is influenced by uncertainties from different sources, including the driving GCM, the emission scenario, and the downscaling method. In our study, the projection of regional precipitation during summer is produced by multi-RCMs nested in the same GCM under the A1B scenario, and therefore, the credibility of multi-RCM projection is presented and the effects of inter-RCM variability are analyzed and identified in this section.
To evaluate the credibility of multi-RCM projection of summer rainfall change over eastern China, the agreement among RCMs in projecting summer monsoon precipitation change is examined. Figure 9a illustrates the MRM summer rainfall change in China, and it shows that in Northeast China and the lower reaches of the Yangtze River Basin summer precipitation is simulated to increase in the future. Most part of Northwest China and the Tibetan Plateau show slight increase of summer precipitation as well. Meanwhile, the rest of 
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China has less summer rainfall in the future, especially over North China, Southwest, and South China in the MRM projection.
The spread of multi-RCM summer rainfall projections, which is represented by the standard deviation of the inter-RCM projection, shows the southeast-northwest gradient from Southeast China to Northwest China, and the largest spread appears over the lower reaches of the Yangtze River Basin (Figure 9b) . By calculating the ratio of multi-RCM projected changes and the spread of multi-RCM projections, we can estimate the reliability of summer precipitation change over China ( Figure 9c ). As indicated in Figure 9c , the multi-RCM framework lacks credibility over most part of China in projecting reliable summer precipitation change. Only over scattered areas of Hsiao Hsing-An Ling, the southeast boundary of Northeast China, the northern Xinjiang Province, Southwest China, most of North China, and eastern Inner Mongolia does the projection by the multi-RCM framework displays reliability when comparing the MRM to the spread of projections.
The reliability of multi-RCM projection can also be indicated by the degree of agreement of RCMs in projecting the summer monsoon precipitation change. Here the number of models that predict the same sign of future change is calculated to represent intermodel agreement (Figure 9d ). According to the likelihood scale of IPCC AR4, three categories of chance of occurrence are assigned as "inconclusive," "likely," and "very likely" that correspond to the cases when 33-66%, greater than 66%, and greater than 90% of the ensemble members agree on the sign of the precipitation change.
A similar pattern of projection reliability is shown in Figure 9d . For the four monsoonal subregions of eastern China, it is likely that summer precipitation will decrease over most parts of North China and scattered areas of South China and increase over parts of Northeast China. However, inconclusive change in summer precipitation over the lower reaches of the Yangtze River Basin is projected by the multi-RCM. For other parts of China, Southwest China is likely to experience decreasing precipitation, whereas parts of Northwest China and the Tibetan Plateau are expected to have wetter conditions.
The method proposed by Hawkins and Sutton [2009] is used here to calculate the fraction of total variance in summer precipitation projections due to inter-RCM variability and internal variability over four subregions . However, the contribution of the inter-RCM variability is smaller over Northeast China, and it can explain almost 40% of the total uncertainty in the middle of the 21st century. The sources of uncertainty in this study do not involved the driving GCM and the emission scenario, which have been considered as important contributors to the total uncertainty in European climate projection [Déqué et al., 2007 [Déqué et al., , 2012 . A larger ensemble of projections encompassing more different GCMs, RCMs, and emission scenarios can provide more insight as for the reliability and then controlling mechanism when projecting monsoon precipitation.
Conclusions
In this paper, regional precipitation changes for 2041-2060 are produced for China using a multi-RCM simulation framework. In this framework, five RCMs are driven by one GCM and used for regional climate projection. All RCMs have CO 2 concentration that follows the SRES A1B scenario during the projection period.
This study focuses on the regional precipitation simulation and projection over eastern China and the role of the inter-RCM variability playing in the simulation results. For the control climate the nested RCMs show an advantage over the driving GCM in simulating the summer precipitation climatology, as they produce higher spatial correlation and lower RMSE. The northward shift of the WPSH in the driving GCM of ECHAM5 transmits to the nested RCMs, which results in weaker moisture transport and negative precipitation biases over southern China in most of the nested RCMs. Meanwhile, the nested RCM produce better simulation of monsoon precipitation, confirming that their better representation of regional processes is essential in determining the performance of summer precipitation simulation. The RCMs show improvement in the simulation of the annual cycle of precipitation, though with biases over subregion like the lower reaches of the Yangtze River Basin. Such rainfall bias is associated with the model's simulation of monsoon circulation, which is related to the position of the WPSH. Consequently, the wet biases before the summer monsoon onset and dry bias afterward over the lower reaches of the Yangtze River Basin in most of the models can be explained by the deficiencies in simulating the migration of the WPSH. Significant inter-RCM difference can be detected in the RCM-simulated summer precipitation, which results from the various representations of physical processes by individual models.
For the future climate of 2041-2060, both agreement and disagreement can be found in the precipitation projections between the driving GCM and the nested RCMs over China. For the summer mean precipitation, the RCMs project drier conditions in eastern Inner Mongolia and Southwest China, which is consistent with Figure 10 . The fraction of total variance in future summer precipitation projections explained by intermodel variability (gray) and internal variability (white) over the four key regions (unit: %).
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the driving GCM. Pronounced differences in the summer precipitation change are projected by ECHAM5 and the RCMs over Northwest China and the Tibetan Plateau. Compared to the consistent summer precipitation changes over western China by the multi-RCMs, there is a great disparity among the projections by the nested RCMs over eastern China, indicating that large uncertainties exist in that region. Most RCMs have better agreement in projecting wet conditions over Northeast China, which is contrary to the decreasing trend in the ECHAM5 projection. For North China, most of the nested RCMs follow the driving ECHAM5 and project negative changes there. Increasing summer precipitation over the lower reaches of the Yangtze River Basin is simulated by the driving ECAHM5 and three of the nested RCMs. Positive changes in summer precipitation over South China are projected by the driving ECHAM5, SNU_RCM, and RegCM3_CMA, while negative changes occur in the other RCMs.
The projected changes in the annual cycle exhibit seasonal and regional dependence. Generally good consensus can be reached between the MRM and driving ECHAM5 over the four subregions when projecting monthly precipitation. Though driven by the same GCM of ECHAM5, five RCMs show disagreement in both magnitude and sign for the monthly precipitation changes during most of the year, and the inter-RCM difference of rainfall changes is more pronounced in spring over the four subregions. Reliable changes in monthly precipitation can be gained from the multi-RCM projections, such as the July precipitation change over Northeast China and North China and November precipitation over the lower reaches of the Yangtze River Basin and South China.
Regionally, the multi-RCM-projected summer precipitation change shows complexity and is affected by intermodel variability. Most of North China and scattered areas over South China are likely to experience less summer rainfall in the multi-RCM projection, and part of Northeast China is likely to become wetter in the future. However, the multi-RCM has limited credibility in summer rainfall projection over the lower reaches of the Yangtze River Basin. The contribution of uncertainty sources shows regional features. The inter-RCM variability is the main contributor to the total uncertainty for the lower reaches of the Yangtze River Basin and South China during 2041-2060, while the contribution of the inter-RCM variability is smallest for Northeast China, less than 40%. Considering the complexity of interactions between the large-scale monsoon circulation and mesoscale processes, and the effect of inter-RCM variability over monsoonal eastern China, a larger ensemble will be used in the next round of simulation, together with efforts to improve the model physics.
Relationships between the model present climate biases, and their future projections have been identified by previous studies [Berg et al., 2013b; Liang et al., 2008; Liu et al., 2012] . However, the impacts of model biases are nonlinear and cannot be simply removed by a linear method [Liang et al., 2008; Liu et al., 2012] . The skill of the RCM is influenced by the boundary conditions and internal physics of the RCM as discussed above and in previous studies [Mariotti et al., 2011; Syed et al., 2012] . More reliable future climate change projections can be provided by coupling RCMs and GCMs with more accurate description of physics processes.
